Rationale: Pulmonary nontuberculous mycobacteria (NTM) disease represents a significant threat to patients with cystic fibrosis (CF), with an estimated annual prevalence of 12%. Prior studies reported an increasing annual NTM prevalence in the general population, though similar trends in persons with CF have not been assessed.
Nontuberculous mycobacteria (NTM) represent an increasingly recognized cause of pulmonary-associated morbidity and mortality in the United States (1) (2) (3) . Although NTM are ubiquitous in soil and water sources (4) (5) (6) , NTM lung disease remains rare in the general U.S. population, with an estimated annual prevalence of 40 cases per 100,000 persons across all age groups (1, 7) . In contrast, among persons with cystic fibrosis (CF), who are highly susceptible to opportunistic pathogens, the prevalence averages 12% nationally and ranges to more than 30% in some geographic regions (8) , presumably from greater environmental exposure.
The prevalence of NTM appears to be increasing in the general population by approximately 8% per year in both the United States and Canada (1, 9) . One recent study from Hawaii, which has the highest prevalence in the country (1) , indicates that this increase may be driven solely by Mycobacterium avium complex (MAC) and not by other species such as M. abscessus and the M. fortuitum group, which have been stable over time in the Hawaiian population (10) . Given the observed speciesspecific differences in treatment options and clinical implications, with MAC being easier to treat and manage than M. abscessus (2), understanding the current epidemiologic trends and patterns exhibited by mycobacterial species within the CF population is critical.
Since 2010, the Cystic Fibrosis Foundation (CFF) has collected detailed mycobacterial data in their national CFF Patient Registry (CFFPR), which includes .90% of all persons with CF in the United States, facilitating longitudinal epidemiologic analyses of NTM (11) . Using the CFFPR, we sought to identify speciesspecific trends and evaluate risk factors for NTM sputum positivity among persons with CF in the United States over a 5-year period.
Methods
Annualized CFFPR data from 2010 to 2014 were obtained from the CFF and used to estimate the prevalence of NTM by species both annually and throughout the 5-year study period. The patients included in our study population were those who had at least one mycobacterial culture performed within this study period, were over 12 years of age on average, and had no history of lung transplantation or tuberculosis. Patients under age 12 years were excluded due to differences in sputum collection and mycobacterial testing practices, which would affect any subsequent estimates. Differences in baseline characteristics between patients with and without mycobacterial cultures were determined.
NTM prevalence and associated 95% confidence intervals (CIs) were estimated by determining the number of persons with CF with at least one positive NTM culture out of the total number of unique patients present with mycobacterial testing within the time period evaluated (which was 1 year for annual prevalence estimates, and the entire study period for 5-year period prevalence estimates). Estimates and trends in prevalence were evaluated overall and by clinical, demographic, and geographic factors. To estimate trends by age, the age at the first NTM test during the study period was used. Species-specific analyses included all individuals with that mycobacterial species isolated, regardless of the presence of other NTM species. Trends in prevalence over time were assessed using Poisson regression models with allowance for overdispersion to calculate the annual percent change (APC). Geographic patterns were described, and maps were generated using ArcView GIS 10.2 (Environmental Systems Research Institute, Inc.) to depict state-level differences over time. Risk factors for an NTM-positive culture by mycobacterial species were assessed using a multivariable modified Poisson regression approach with a robust error variance procedure (termed sandwich estimation) to estimate the adjusted relative risk (aRR) and 95% CIs (12) . Models included all potentially relevant variables and controlled for the number of years cultured for mycobacteria, years of macrolide use, mean age, sex, and CF mutation type. All statistical analyses were conducted using SAS version 9.4 (SAS Institute, Inc.).
Results

CF Study Population
Overall, 16,153 (79%) of 20,347 unique persons with CF 12 years of age or older on average during the study period had at least one mycobacterial culture performed from 2010 to 2014. Patients with mycobacterial cultures who were included in this study differed from those without cultures performed across all baseline characteristics evaluated (see Table E1 in the online supplement). Among the included cohort of patients aged 12 years and older with mycobacterial cultures, annual mycobacterial culture rates increased from 47% in 2010 up to 63% in 2014. Of these, 12,500 (77%) had culture results for at least 2 years, and 3,233 (20%) had results for all 5 years (the mean number of years with culture results present was 2.9 6 1.4).
NTM Isolations
NTM was isolated from 3,363 (21%) patients in at least one mycobacterial culture performed over the 5-year period; 3,211 (20%) patients had a pathogenic species identified and 152 (1%) were positive for M. gordonae only and were excluded from further analyses. Among the patients with NTM (Table 1) , 1,949 (61%) had Mycobacterium avium complex (MAC), 1,249 (39%) had M. abscessus, and 660 (21%) had other NTM species isolated at least once; 602 (19%) had multiple species isolated over time and 17 (0.5%) did not have any species reported. On average, patients with MAC were older (28.3 6 12.8 yr) and those with M. abscessus were younger (26.2 6 11.9 yr) than subjects without NTM (27.0 6 11.6; P , 0.0001). Patients with MAC were less frequently homozygous for the p.Phe508del mutation (42%) compared with those without NTM or those with M. abscessus (48% for both; P = 0.005), whereas M. abscessus patients had a lower mean body mass index (BMI) (21.90 6 3.3) than either patients with MAC (22.6 6 3.8) or those without NTM (22.6 6 4.0) (P , 0.0001). Patients with either MAC or M. abscessus also had other pathogens isolated at a greater frequency than NTM-negative patients, including Aspergillus spp., Candida spp., Haemophilus influenza, Staphylococcus aureus, and Stenotrophomonas maltophilia (Table 1) .
NTM Annual Estimates and Trends
Annual NTM prevalence showed a significant relative increase of 5% per year, from 11.0% in 2010 to 13.4% in 2014 (APC, 5.3%; 95% CI, 2.1-8.5%; P = 0.0008). When trends were evaluated by age group, a significant increase in annual prevalence was noted for patients with a mean age of ,40 years, rising from 10.9% in 2010 to 13.3% in 2014 (APC, 5.1%; 95% CI, 2.3-8.0%; P = 0.0003), but not for those over the age of 40 years (P = 0.07). Similarly, ORIGINAL RESEARCH annual prevalence increased significantly for patients diagnosed with CF at <3 years of age, from 10.2% in 2010 to 12.3% in 2014 (APC, 5.0%; 95% CI, 2.2-7.8%; P = 0.0004), but not for those with an initial CF diagnosis at >30 years of age, and this remained relatively high across all years (20.7% in 2010 and 21.1% in 2014; P = 0.6). When evaluated by species, MAC increased significantly by 3% per year (APC, 3.0%; 95% CI, 2.1-5.8%; P = 0.03), from an annual prevalence of 5.8% in 2010 to 6.9% in 2014, whereas M. abscessus remained stable at 5.1% for all years (P = 0.9). Although the proportion of all patients with NTM and MAC remained relatively consistent over time (53% in 2010 and 51% in 2014), the proportion of those with M. abscessus decreased (from 46% in 2010 to 35% in 2014), whereas that of patients with other NTM species identified increased substantially (from 2% in 2010 to 17% in 2014). This is likely due to changes in species identification and/or reporting practices.
NTM Period Prevalence
The NTM 5-year period prevalence of 20% (CI, 19-20%) did not differ by sex (P . 0.4), but did by increasing patient age ( Figure 1A) Definition of abbreviations: MAC = Mycobacterium avium complex; NTM = nontuberculous mycobacteria. *Age group determined based on the mean age of the patient from 2010 to 2014. To be included in the species category listed, the patient had to have at least one positive culture with that species identified.
ORIGINAL RESEARCH . In contrast, for women >60 years of age with a BMI of >25, prevalence was only 18% (CI, 10-27%), whereas for men in the same category, it was 32% (CI, 20-45%) ( Figure 1C ). When evaluated by species, the period prevalence was 12% for MAC (CI, 12-13%), 8% for M. abscessus (CI, 7-8%), and 4% for other NTM species (CI, 3.8-4.3%). Among patients >60 years of age, the period prevalence of MAC increased to 20% (CI, 15-24%), but it remained similar for M. abscessus at 10% (CI, 6-13% 
Geographic Distribution of NTM
The 5-year period prevalence was estimated by state for NTM overall (Figure 2A) , and by species for MAC and M. abscessus ( Figures  2B and 2C, respectively) . The highest NTM prevalence was detected in Hawaii (50%), followed by Florida and North Dakota (31%), and then Arizona (29%). For M. abscessus, the highest-prevalence state was Hawaii (50%), followed by Florida (17%) and then Louisiana (16%). For MAC, the greatest prevalence was in Nevada (24%), followed by Kansas (21%), and Hawaii and Arizona (both 20%). The higher NTM prevalence observed in North Dakota was driven by NTM species other than MAC and M. abscessus, for which a 17% prevalence was observed among patients residing there. Other states with a notably higher prevalence of other NTM species included Hawaii (30%), New Mexico (12%), and Iowa and Arizona (both 8%). When trends were evaluated over time by U.S. division, annual prevalence increased significantly for MAC in the Middle Atlantic states (New Jersey, New York, and Pennsylvania) (APC, 9.1%; CI, 0-20%) per year and in the West South-Central states (Arkansas, Louisiana, Oklahoma, and Texas) (APC, 8.5%; CI, 1.3-16.2%) ( Figure 3A Early diagnosis" refers to study participants who were <3 years old when they received their initial CF diagnosis. "Mid-range diagnosis" refers to study participants who were .3 and ,30 years old when they received their initial CF diagnosis. "Late diagnosis" refers to study participants who were >30 years old when they received their initial CF diagnosis. MAC = Mycobacterium avium complex. 
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and by 32% for M. abscessus (aRR, 0.76; 95% CI, 0.68-0.83); and have a higher forced expiratory volume in 1 second (FEV 1 ) % predicted, with each five-unit increase associated with a 3% greater risk of MAC (aRR, 1.03; 95% CI, 1.02-1.04) and 2% greater risk of M. abscessus (aRR, 1.02; 95% CI, 1.01-1.04) ( Table 2) . They also had fewer years on chronic macrolide therapy, with each additional year on macrolides decreasing risk of MAC by 23% (aRR, 0.81; 95% CI, 0.79-0.84) and of M. abscessus by 28% (aRR, 0.78; 95% CI, 0.75-0.80), and had more years in which at least one hospitalization occurred, with each additional year with a hospitalization increasing the risk for MAC by 4% (aRR, 1.04; 95% CI, 1.00-1.08) and for M. abscessus by 6% (aRR, 1.06; 95% CI, 1.01-1.12) ( Table 2 ). Individuals with MAC or M. abscessus isolated also had a higher risk of having other pathogens isolated during the study period, including an increased risk of Aspergillus spp. by 43% for those with MAC (aRR, 1.43; 95% CI, 1.30-1.59) and 69% for those with M. abscessus (aRR, 1.69; 95% CI, 1.48-1.93), and of Stenotrophomonas maltophilia by 25% for those with MAC (aRR, 1.25; 95% CI, 1.13-1.39) and 60% for those with M. abscessus (aRR, 1.60; 95% CI, 1.40-1.82) ( Table 2 ).
When differences were evaluated by species, those with M. abscessus were 64% more likely to reside in the South relative to the Midwest (aRR, 1.64; 95% CI, 1.37-1.97) and 51% relative to the West (aRR, 1.51; 95% CI, 1.28-1.78), and 19% less likely to be female (aRR, 0.84; 95% CI, 0.74-0.96). No regional or sex-specific differences in risk were detected for those with MAC, although they were 27% more likely to have S. aureus isolated (aRR, 1.27; 95% CI, 1.11-1.45) ( Table 2 ).
Discussion
With NTM increasingly being recognized as a significant cause of morbidity among persons with CF, understanding any changes in its epidemiology over time is critical for managing patient care and improving clinical outcomes (13) (14) (15) . By evaluating mycobacterial culture results over a 5-year period, we identified key trends, patterns, and associations of NTM among adults and children with CF throughout the United States. Overall, the prevalence of NTM increased within this population by 5% per year during the observational study period, but this trend was significant only among those who received a diagnosis of CF early in life. This study also demonstrates that pulmonary NTM positivity remains highly prevalent among individuals with CF throughout the country, with one in five patients affected over the 5-year period. However, both prevalence and trends varied significantly by geographic region and certain patient-level factors, including older patient age and receiving a diagnosis of CF later in life.
Prior NTM studies in the CF population suggested that its prevalence increased over time, from just 1% in a limited study in 1984 (16) up to 14% across a 2-year period from 2010 to 2011 among all persons with CF in the United States (8) . Here, we expand on our prior analysis (8) by evaluating mycobacterial data from the CFFPR through 2014, and demonstrate that the prevalence of NTM continued to increase slightly over this 5-year period by 5% per year, from 11% in 2010 to over 13% in 2014. However, the greatest increase in prevalence was noted between 2010 and 2012, which may be due to greater screening and reporting over time. In fact, patients with a mycobacterial culture performed increased from 47% in 2010 to 63% in 2014. It is possible that the increased prevalence observed over time is a product of these changing screening practices rather than a true increase in environmental exposure. Specifically, with universal screening for 
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NTM, more asymptomatic patients may be captured who would have been missed in the past with more targeted screening efforts. This could also explain why an increased prevalence over time was only noted in younger persons with CF and those in whom CF had been diagnosed earlier in life, who likely were screened more broadly for NTM post-guidelines, and not in those who were older or had received their first diagnosis at more than 30 years of age-potentially even because of their NTM-positive status. Even though routine screening practices for NTM have been encouraged by the CFF since at least 2010, the implementation of these guidelines varies by facility, and therefore potentially affected the observed 
NTM rates when evaluated by geographic region.
In general, persons with CF who were positive for NTM, especially MAC, were more likely to have received their initial CF diagnosis after age 30, with a prevalence nearly double that of those diagnosed with CF by age 3. Even when the analysis was limited to patients over age 40, this trend persisted with a prevalence of 29% in those who had received a later-in-life diagnosis compared with 16% for those with an early diagnosis. This was previously observed by Rodman and colleagues (17) , who reported that even among persons with CF over the age of 40, those in whom CF had been diagnosed later in life (median of 48 yr) had a threefold greater NTM prevalence than those diagnosed with CF early in life (median of 2 yr). It is possible that some of these older patients received their initial CF diagnosis because of their NTM-related symptoms, with infection exacerbating their otherwise undiagnosed underlying pulmonary disorder, as has been reported in limited case studies (18) . Other underlying genetic differences likely exist among persons with CF who received a late-in-life diagnosis, which may additionally increase their risk for MAC lung disease. For instance, one study that evaluated 13 genetic variants of the CF transmembrane conductance regulator (CFTR) gene among Koreans by whole-exon sequencing found that Q1352H showed a significantly higher frequency in patients with NTM than in control subjects, suggesting that this CFTR gene variant may increase susceptibility to NTM lung disease (19) . Similarly, Colombo and colleagues found known CFTR genetic variants or novel mutations in 42% of 12 patients with NTM evaluated with familial disease (20) , and other studies reported a prevalence of CFTR mutations among patients with pulmonary NTM ranging from 37% to 50% (21, 22) . This increased prevalence of CFTR genetic mutations in cohorts of patients with NTM indicates that in persons with milder CF manifestations and a late diagnosis, other genetic factors, possibly related to the CFTR gene, may play a role in disease susceptibility. Further analyses using detailed clinical epidemiologic data are needed to determine the sequence of diagnostic events and differences in NTM risk among persons with CF.
Among study participants with NTM positivity, those with M. abscessus relative to those with MAC were younger in age and in age at initial CF diagnosis, and were more frequently homozygous for the p. Phe508del mutation, which typically reflects a more severe CF phenotype (23), although not compared with subjects without NTM. Patients with M. abscessus also had a lower mean BMI than patients with MAC and those without NTM, which can be associated with worse outcomes (24) . Prior studies have demonstrated that in persons with CF, NTM pulmonary disease due to M. abscessus can result in chronic infection with worsening lung function over time relative to other mycobacterial species (25) (26) (27) . Similarly, previous studies showed that MAC tended to affect older individuals, particularly over the age of 25 years, and that a greater proportion of patients with M. abscessus were younger (between the ages of 11 and 15) (27) (28) (29) , again highlighting M. abscessus as being more virulent relative to other mycobacterial species. Excessive morbidity from M. abscessus is likely further exacerbated by challenges regarding treatment options, including limited data to inform best practices, concerns over inducible macrolide resistance, and the small number of well-tolerated agents that demonstrate in vitro activity against M. abscessus (26). Because of the severe clinical impact of M. abscessus on persons with CF, more frequent screening for mycobacteria should be considered for those residing in states with greater proportions of M. abscessus relative to MAC.
As was previously reported (1, 8, 30) , the prevalence of NTM varied greatly by geographic region. Over the entire period, 20% of all persons with CF had NTM cultured at least once nationwide, and MAC and M. abscessus had been isolated in 61% and 39% of these patients, respectively-a distribution that is unchanged from our prior analysis (8) . When evaluated by state, the highest prevalence continues to be reported in Hawaii, at 50% of all study participants residing there. Furthermore, all Hawaiian study participants with NTM had M. abscessus isolated, and 30% of them were additionally coinfected with other mycobacterial species, making these patients ORIGINAL RESEARCH more challenging to treat and at greater risk for severe outcomes (2, 25, 27 Numerous studies have now reported greater levels of NTM in states such as Hawaii, Florida, and Arizona both among persons with CF and in the general population (1, 8, 10, 30, 31) . This is most likely due to the presence of unique environmental conditions, including soils and water sources associated with increased concentrations of mycobacteria (4, 6, 30, (32) (33) (34) . Some studies have indicated that greater proximity to such environmental sources (30, 35) might contribute to an increased risk of NTM lung disease, potentially through the generation of bioaerosols containing mycobacteria (36) . Our previous studies showed that factors related to a greater persistence of moisture droplets in the air, including higher saturated vapor pressure and evapotranspiration rates, were associated with an increased risk for NTM positivity (8, 30) . Regional species-specific differences in prevalence (8, 30) , particularly in states with higher levels of M. abscessus, are especially important to note among persons with CF given the differences in treatment and outcomes (2, 25, 27) .
This study is subject to several important limitations. First, as we relied on registry data, differences in procedures and data entry across CF centers may have impacted identification of key patterns or trends. Also, although the CFFPR collects substantial clinical data, including whether a patient received chronic macrolide therapy, it does not currently capture the specific NTM treatment regimens used or drugsusceptibility test results, which limits our ability to assess trends in treatment practices or in macrolide resistance and its role in observed increases in NTM prevalence. The CFFPR also captures data on most adults and children with CF throughout the country; however, those with limited access to care may not be included or adequately represented here. These individuals may have unique differences in their risk for NTM compared with other patients included here. Additionally, given the differences in sputum collection and mycobacterial testing practices in the CF population 12 years of age and younger, we were unable to assess NTM prevalence and trends in this cohort in a manner comparable to that used for older persons with CF. Further, even among patients over age 12, those who had mycobacterial cultures performed differed from those without completed cultures, which limited our ability to extrapolate these results to all individuals with CF.
In conclusion, NTM remains a significant and highly prevalent pathogen in persons with CF throughout the nation, with one in five affected over a 5-year period. Furthermore, its prevalence is increasing at a rate similar to that observed in the general population in some geographic regions and within certain patient subgroups. Chronic macrolide use remains protective against NTM in persons with CF, although further studies are needed to evaluate trends in macrolide resistance at the population level and the role that it may play in the observed increasing prevalence. Routine screening for NTM in all persons with CF, including mycobacterial speciation and antibiotic susceptibility testing, is critical for understanding its epidemiology and better informing clinical practice to limit excess morbidity. n Author disclosures are available with the text of this article at www.atsjournals.org.
